The plastid genome of Cryptomonas 4), a cryptomonad alga, contains three genes that have not previously been found in any organellar genome. Each of these genes encodes a functional class of organellar gene product not previously reported. The first gene, dnaK, encodes a polypeptide of the hsp7O heat shock protein family. The predicted amino acid sequence of the DnaK protein is-54% identical to that of the Escherichia coli hsp70 protein (DnaK), 50-53% identical to that of two nucleus-encoded mitochondrial hsp70 proteins, and 43-46% identical to that of several eukaryotic cytoplasmic members of the hsp7O protein family. The second gene, hipA, encodes a polypeptide resembling bacterial histonelike proteins. The predicted amino acid sequence of the HlpA protein is 25-53% identical to that of several bacterial histonelike proteins, and the identity increases to 39-76% over a conserved region corresponding to the Iong arm that binds DNA. The third gene, acpA, encodes an acyl carrier protein, which is a key cofactor in the synthesis and metabolism of fatty acids. Its predicted amino acid sequence is 36-59% identical to that ofeubacterial and plant chloroplast (nucleus-encoded) acyl carrier proteins.
The endosymbiont hypothesis suggests that contemporary plastids and mitochondria evolved from free-living eubacteria that entered early eukaryote cells as endosymbionts (1, 2) . A central theme ofthis hypothesis is the loss or transfer to the nuclear genome of a majority of the endosymbiont genes and the retention of some genes in the organellar genomes. Nucleotide sequences of three plant chloroplast genomes have been completely determined, revealing their gene contents (3) (4) (5) . In addition to tRNA and rRNA genes, each chloroplast genome contains over 60 identified proteinencoding genes and about 30 unidentified open reading frames (6) . The identified genes encode proteins involved in transcription (RNA polymerase subunits), translation (ribosomal proteins, translation factors), photosynthesis, and probably chlororespiration (ndh genes). Various chloroplast genomes studied so far show similar gene contents, while several exceptions have been found in which a gene is present in the chloroplast genome of one organism but absent from that of another (e.g., see refs. 7-9). Such exceptions have proven useful in studying the process of gene transfer from chloroplasts to the nucleus (10) .
Cryptomonas 4) is a chlorophyll c-and phycobiliproteincontaining alga, belonging to the Kingdom Chromista. Other members of this kindom include chromophytes, dinoflagellates, and diatoms (11) . Plastids ofthis group of organisms are suggested to have originated from a secondary endosymbiosis, in which the endosymbiont was a photosynthetic eukaryote rather than a eubacterium (11) (12) (13) . In contrast to chloroplasts of metaphytes (land plants) and chlorophytes membranes (termed chloroplast endoplasmic reticulum, or CER), the outermost of which is continuous with the nuclear membrane. In addition, a nucleomorph (likely a degenerate nucleus) is still present inside the CER of cryptomonads. The plastid genome of Cryptomonas 4) has been shown to be a circular DNA of 118 kilobase pairs (kbp), containing an inverted repeat of less than 6 kbp within which the plastid rRNA genes are located (14) . Several genes of this genome have been described previously, including the rbcS gene, whose counterpart in plants is encoded in the nuclear genome (7) . In this paper, we present the structures of three genes found in the plastid genome of Cryptomonas 4) that encode an hsp70-like heat shock protein, a histone-like protein, and an acyl carrier protein.t To date, so far as we know, these genes have not been reported for any other organellar genome, and each of them represents a functional class of organellar gene product not described previously.
MATERIALS AND METHODS
A plasmid clone (BS-7) containing a 12-kbp BamHI-Sal I plastid DNA fragment was provided by Susan E. Douglas (Institute of Marine Biosciences, Halifax, NS, Canada). The Cryptomonas 4) strain, from which the plastid DNA fragment was originally isolated (14) , was from the Culture Collection of Marine Phytoplankton (Bigelow Laboratory for Ocean Sciences, West Boothbay Harbor, ME). A 2.8-kbp Xba I-EcoRI DNA fragment was isolated from the BS-7 DNA, cloned in plasmid vector pUC118, and subjected to DNA sequencing.
DNA sequencing was performed with the dideoxy chaintermination method (15) , .using the Sequenase enzyme system (United States Biochemical) and deoxyadenosine 5'-[a- [35Slthio]triphosphate (DuPont/NEN) according to the instructions of the suppliers. Sequencing clones were generated by performing systematic deletions using exonuclease III and S1 nuclease (16) . In some cases, oligonucleotides were synthesized and used as primers to sequence small gaps or the second strand. The deduced amino acid se-Proc. Nati. Acad. Sci. USA 88 (1991) quences were aligned by using the sequence alignment prostrand in a direction from Xba I to EcoRI, while hipA and gram of Corpet (17) , with a gap penalty of 8. acpA (23) , and human hsp70 (24) ]. ., Residues in the other sequences that are identical to those in P. DnaK; -, computer-generated gaps that improve the alignment. Fig. 2 , and the abbreviations are the same.
at pH 4.85. Computer-assisted sequence alignment was performed to compare the amino acid sequence of the plastid DnaK with that of selected hsp70 family proteins (Fig. 2) . Extensive similarity among these proteins is seen over about 80%o of the total sequence (N-terminal part) , while the C-terminal 20%o of the entire sequence shows little conservation. The extra amino acid residues at the N termini ofthe Sscl and Mtp7O sequences are putative leader sequences for targeting these proteins into mitochondria and may not be present on the mature proteins (19, 20) . Table 1 summarizes sequence similarities among the proteins compared. Presented in the form of percent identical amino acid residues, the plastid DnaK protein is more similar to E. coli DnaK (54%), Sscl (53%), and Mtp7O (50%6) than to the other members (43-46%).
HipA Protein. The deduced protein sequence of HlpA is 93 amino acid residues long, containing 9 acidic, 17 basic, and 31 hydrophobic amino acid residues. The calculated molecular mass is 10.6 kDa, with a calculated pI at pH 10.48. The plastid HlpA protein sequence was aligned with 10 bacterial histone-like protein sequences (Fig. 3) . Significant sequence similarity exists between HlpA protein and the other proteins, especially in the region of residues 38-79, which corresponds to the DNA-binding long arm of histone-like proteins (26, 27) . At the level ofthe complete sequence, HlpA protein shares 25-53% identical amino acid residues with the other histone-like proteins ( (Table 2) .
AcpA Protein. The deduced protein sequence of AcpA is 81 amino acid residues long, containing 17 acidic, 4 basic, and 26 hydrophobic amino acid residues. The calculated molecular mass is 8.9 kDa, with a calculated pI at pH 3.58. The amino acid sequence of AcpA is aligned with that of eubacterial and plant acyl carrier proteins in Fig. 4 . Amino acid sequence identities between AcpA and the others are 56% for E. coli (36) , 59o for Anabaena variabilis (37), 44% for spinach ACP-I (38), 36% for spinach ACP-II (39), 43% for Arabidopsis thaliana (40) , and 43% for Brassica campestris (41) . The serine residue at position 38, which is the attachment site for the prosthetic group phosphopantetheine (42) , is conserved among all the acyl carrier proteins compared.
DISCUSSION
The three genes (dnaK, hipA, acpA) described in this paper are, to our knowledge, the first such genes to be reported for any organellar genome, and each of them represents a functional class of gene product not previously found in organelles. They most likely originated from an ancient proto-organellar prokaryote, in accordance with the endosymbiont hypothesis of plastid origins (1, 2). The absence of these genes in the chloroplasts of plants and green algae suggests substantial differences between these plastids and that of Cryptomonas in the number and/or identity ofgenes they possess. This suggestion is supported also by the finding of the rbcS gene and several ribosomal protein genes (all absent from plant chloroplasts) in plastids of Cryptomonas (ref. 7; S.W., S. E. Douglas, and X.-Q.L., unpublished data). Such differences between the plastid of chlorophytes (plants, green algae) and that of Cryptomonas may have interesting implications in term of plastid evolution. For example, Cryptomonas plastids may have originated from a primary endosymbiosis (between a eubacterium and a eukaryote) separate from that leading to chlorophytic chloroplasts. Another possibility is that plastid CER (i.e., the two extra membranes surrounding the plastid) in Cryptomonas (I may have slowed the transfer of plastid genes to the nucleus.
The Cryptomonas plastid DnaK protein is clearly a member of the hsp70 protein family (Fig. 2) (34) , and HTa of Thermoplasma acidophilum (35) . Symbols are as in Fig. 2 . (39) , Arabidopsis thaliana (A. t.) (40) , and Brassica campestris (B. c.) (41) . Symbols are as in Fig. 2. bacterial cells (43) . Proteins immunologically related to the E. coli DnaK protein have also been detected previously in chloroplasts of plants and Euglena, although their sequences and genes (most likely nucleus-encoded) were not studied (44, 45) . The Cryptomonas plastid DnaK is more similar to E. coli DnaK and the mitochondrial hsp70 proteins (yeast Sscl, T. cruzi Mtp7O), relative to the eukaryotic cytoplasmic hsp70 proteins, which form a natural group of their own ( Table 1) . This is consistent with the notion that genes for both the plastid (DnaK) and the mitochondrial (Sscl and Mtp7O) hsp70 proteins originated from ancient eubacteria through endosymbiosis, although the mitochondrial sscl and mtp7O genes are now in the nucleus (19, 20 The sequence and other structural features (small size, basic charge) of the plastid HlpA protein clearly resemble those of bacterial histone-like proteins (Fig. 3) . The HlpA protein is most similar to the histone-like protein of Anabaena 7120 (Table 2) , consistent with a cyanobacterial origin for the plastid of this organism (2) . Most of the sequence similarity is concentrated in a stretch of sequence (residues 38-79) that forms a long arm that binds DNA (26, 27) (59) , and to introduce negative supercoils into a relaxed closed-circular DNA, resulting in condensed structures resembling nucleosomes (60) . In vivo, E. coli histone-like proteins have been implicated in the coiling of specific DNA sequences as well as in stimulation of transcription, site-specific recombination, and initiation of DNA replication (61) (62) (63) . In E. coli mutant cells lacking the histone-like protein HU, multiple defects are seen, including poor growth, irregular cell cycle, and formation of anucleate cells (64) . It is therefore likely that the plastid HlpA protein is involved in organizing the plastid genome as well as in other processes such as DNA replication, DNA recombination, and transcription. It is interesting that chloroplast genomes have previously been observed as nucleoid-like structures attached to the thylakoid membrane (65) and that DNA supercoiling affects in vitro transcription of two maize chloroplast genes (66) .
Sequence alignment (Fig. 4) clearly identifies the acpA gene product as an acyl carrier protein, a key cofactor in the synthesis and metabolism of fatty acids (39) . Our finding of the acpA gene in the plastid genome of Cryptomonas '1 thus identifies lipid biosynthesis as a metabolic pathway involving plastid-encoded enzymes/proteins. Note Added in Proof. After the submission of this paper, it has come to our attention that an acyl carrier protein gene was found recently in the plastid genome of a marine diatom (67).
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